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We demonstrate that vertically aligned InN nanorods can be grown on Si111 by plasma-assisted
molecular-beam epitaxy. Detailed structural characterization indicates that individual nanorods
are wurtzite InN single crystals with the growth direction along the c axis. Near-infrared
photoluminescence PL from InN nanorods can be clearly observed at room temperature. However,
in comparison to the InN epitaxial films, the PL efficiency is significantly lower. Moreover, the
variable-temperature PL measurements of InN nanorods exhibit anomalous temperature effects. We
propose that these unusual PL properties are results of considerable structural disorder especially
for the low-temperature grown InN nanorods and strong surface electron accumulation effects.
© 2006 American Institute of Physics. DOI: 10.1063/1.2216924Recently, indium nitride InN has received considerable
attention because of its narrow direct band gap1–6 and supe-
rior electron transport properties7–9 small effective mass,
high mobility, and large drift velocity. The discoveries of
one-dimensional 1D InN grown in the forms of nanowires,
nanorods, nanotubes, and nanotips have further inspired
bottom-up applications of 1D InN nanomaterials for near-
infrared NIR optoelectronics, photovoltaics, and chemical/
biological sensing.10–15 In particular, due to the intrinsic
property of electron accumulation at the InN surface,16,17 InN
is considered as a very promising material for high-
sensitivity detection of gases, vapors, and liquids.18,19 The
high surface-to-volume ratio of 1D InN nanomaterials ren-
ders them excellent candidates for the sensor applications.
Despite all the prospects, the studies about the fundamental
properties of 1D InN are scarce. In particular, in contrast to
the converging view about the optical properties of high-
quality InN epilayers,1–6 the reports on the optical properties
of 1D InN are still controversial. For example, both visible
red10,13,14 and NIR Refs. 11, 12, and 15 photoluminescence
PL have been observed from 1D InN samples. Further-
more, the observed PL signal is typically very weak com-
pared to the InN epilayers and exhibits a reduced tempera-
ture effect.20
Since both impurities and native defects in 1D InN na-
nomaterials can affect their optical properties, to better un-
derstand the PL properties of 1D InN, high-purity 1D InN
samples grown by plasma-assisted molecular beam epitaxy
PAMBE are desirable. In this letter, we report on the struc-
tural and PL properties of vertically self-aligned InN nano-
rods grown along the wurtzite c axis on Si111 substrates by
PAMBE. In order to study the growth-dependent properties
of InN nanorods and to compare the differences between InN
epilayers and nanorods, we carried out growth experiments
of InN nanorods under different conditions. From detailed
PL measurements, we find that the PL band of InN nanorod
samples lies in the NIR region consistent with the PL band
of InN epilayers and is significantly weaker in intensity as
compared to that of InN epilayers. We attribute the low effi-
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in InN nanorods as a consequence of considerable structural
disorder especially for the low-temperature grown InN na-
norods and strong surface electron accumulation effects for
both types of nanorods.
The samples used in this study were grown on 3 in.
Si111 substrates by PAMBE with a base pressure in the
10−11 Torr range. The InN epitaxial film was grown on
Si111 using the epitaxial AlN/-Si3N4 double buffer layer
technique. Details of the growth procedure can be found
elsewhere.4,21,22 Using this growth technique, relaxed wurtz-
ite InN and AlN epilayers can be grown and the c axis is
oriented vertically to the Si111 substrate plane.
For the InN film growth, the N/In flux ratio was ad-
justed to be close to the stoichiometric condition. On the
other hand, the InN nanorod growth always proceeds under
the nitrogen rich conditions, similar to the reported columnar
growth mode of vertically aligned GaN nanorods by
PAMBE.23,24 In our study, the low-temperature LT InN na-
norods were grown at sample temperatures of 330 °C and
the high-temperature HT InN nanorods were grown at
520 °C the same growth temperature for InN films on
-Si3N4/Si111 without the AlN buffer layer. The N/In
flux ratios normalized to the thin film growth case, under the
same nitrogen plasma conditions were 2.6 and 6.0 for
LT- and HT-InN nanorods, respectively. The N/In flux ratio
was adjusted at different growth temperatures to ensure that
the growth proceeded in the columnar mode. The morpholo-
gies and size distributions of InN nanorods were analyzed
using a field-emission scanning electron microscope. The
variable-temperature PL spectroscopy was performed by us-
ing the 514.5 nm line of an Ar+ laser as the excitation source.
The samples were cooled in a temperature-controlled liquid-
He-flow cryostat. The luminescence signal was dispersed by
a 0.19 m monochromator with a 600 groove/mm grating and
detected by a liquid-N2-cooled extended InGaAs detector
cutoff wavelength 2.4 m. All the PL spectra have been
corrected by the system response curve.
Detailed structural characterization25 indicates that both
LT- and HT-InN nanorods possess the wurtzite-type InN
single-crystal structure. In addition, the growth direction rod
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Downlaxis is along the c axis and is aligned vertically to the
Si111 substrate. The Raman scattering and x-ray diffraction
measurements concluded that the LT-InN nanorods are less
perfect in structural quality, in comparison to HT-InN nano-
rods and epilayers. Figure 1 shows scanning electron micros-
copy SEM images of PAMBE-grown InN nanorods in plan
and tilted views. The twisted crystallographic alignment be-
tween individual nanorods in the growth plane is evident by
observing the random hexagonal orientations of individual
single-crystal rods. This is very different from the InN epi-
FIG. 1. SEM images of vertically aligned low-temparature LT nanorods
a and high-temparature HT InN nanorods b grown on Si111 substrates
by nitrogen-plasma-assisted MBE. The nanorods grow in both lateral and
vertical directions.
FIG. 2. Temperature-dependent PL spectra of LT-InN nanorods a, HT-InN
assisted MBE on Si111 substrates. The temperature range is from 300 K botto
oaded 08 Oct 2010 to 140.114.72.127. Redistribution subject to AIP lictaxial film case, where a commensurate InN/AlN interface
with a common two-dimensional superlattice can be formed
on the AlN/-Si3N4 double buffer layer.4,21,22
In the SEM images Fig. 1a, the hexagonal-shaped
LT-InN nanorods shown at the right column exhibit a uni-
form diameter of 130 nm standard deviation 28 nm and
an aerial density of 5109 cm−2. These nanorods are ver-
tically aligned and well separated. The long LT-InN nanorods
shown here have a uniform height of 750 nm. The average
aspect ratio height/diameter of the LT-InN nanorods is a
constant number of 6 independent of the growth time and
nanorod height, indicative of significant lateral growth of
nanorods. This phenomenon is also observed for the HT-InN
nanorods. In the tilted view of InN nanorods, a baseball-bat
shaped rod with an obvious enlargement of the rod diameter
at the top region can be seen. In contrast to the LT-InN na-
norods, the HT-InN nanorods exhibit a bimodal size distri-
bution as can be observed in the plan view Fig. 1b. The
size distributions of both modes are rather broad. The mean
diameters of long HT-InN nanorods shown at the right col-
umn are 130 nm 90 nm and 60 nm 27 nm
for large- and small-diameter nanorods, respectively. The
long HT-InN nanorods have a uniform height of 700 nm.
The aspect ratios height/diameter of the LT-InN nanorods
are 5.4 and 12 for large and small nanorods, respectively.
The aerial density of HT-InN nanorods is 8109 cm−2,
including both modes.
Figures 2 show the variable-temperature 12–300 K PL
spectra taken from both types of InN nanorods as well as an
InN epilayer. The PL experimental conditions are identical in
all measurements. It is clear that all three samples exhibit
NIR emission bands. However, the PL bands observed from
nanorod samples show slight blueshifts and significantly
broadened bandwidths especially for the LT-InN nanorod
sample. We find that the PL efficiencies of the nanorod
samples are about one to two orders of magnitude lower than
that of the InN epilayer, and the PL properties of the mea-
sured InN epitaxial film are apparently better than those of
InN nanorods. In addition to the differences in PL peak po-
sition and bandwidth, the temperature dependence of PL
peak intensity is also very different among these three
samples. In the temperature interval from 300 to 12 K, the
peak intensity increases about 14 times for the InN epilayer,
about 11 times for the HT-InN nanorods, and only about 4
times for the LT-InN nanorods. More strikingly, by compar-
ing the PL spectra of InN nanorod samples and InN epilayer,
the PL peak positions of InN nanorods show no shift or
exhibit an anomalous blueshift with increasing temperature
orods b, and InN film c. All samples were grown by nitrogen-plasma-nan
m spectra to 12 K top spectra.
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Downlwhile the PL peak shift of InN epilayer follows a normal
trend, corresponding to the band gap shrinkage with increas-
ing temperature.
We propose that InN nanorods show these PL phenom-
ena low efficiency, broadened band, reduced temperature
effect on intensity, and anomalous peak shift largely because
of intrinsic electron accumulation at the surface of n-type
InN. It has been established that the considerable band bend-
ing induced by the surface accumulation layers in n-InN
samples results in an inhomogeneous spatial distribution of
the degenerate electron concentration.16,17 Due to the large
surface-to-volume ratio of nanorods, the effects of electron
accumulation in nanorods can be more pronounced than in
the film case. Namely, the high degree of spatial separation
between electrons and photoholes in InN nanorods can lead
to a low PL efficiency. Figure 3 shows schematically how the
band bending simulated results can affect the temperature-
dependent behavior of the PL band from nanorods, leading to
the anomalous temperature shift and broadening of the PL
band. The valence band bending induces the spatial depen-
dence of the photohole energy and the spatial redistribution
of photoholes with temperature. As a result of energy relax-
ation toward the equilibrium state, the photoholes tend to
populate different sample regions at different temperatures.
At low temperatures, photoholes are distributed over the in-
ner core of nanorod, spatially remote from the rod surface
with a large electron concentration. Therefore, low-
temperature PL is formed mainly in the sample region where
the electron concentration is minimal. The increase in tem-
perature leads to the distribution of photoholes over a
broader region inside the nanorod, where the hole potential
energy is of the order of the thermal energy kBT Fig. 3b.
Thus, the observed PL transitions involve the sample regions
where the electron concentration is significantly larger. As a
result, the increased transition energies result in the PL band
broadening and the shift of the maximum toward higher en-
ergies with increasing temperature. For the samples with
strongly inhomogeneous electron distribution, this phenom-
enon can overcome the trend of band gap shrinkage and re-
sults in the anomalous blueshift of PL peak position with
increasing temperature. Due to the fact that the structurally
less perfect LT-InN nanorods contain more valence band
FIG. 3. Schematic diagram of the PL transition process from low tempera-
ture a to room temperature b. CB and VB show the band bendings of
conduction and valence bands, respectively, induced by the accumulation
layers; o
e and e are the chemical potentials without and with accumulation
layers. Line 1 is the position of the valence band top, lines 2 denote the hole
localized states at valence band tail, and line 3 in b shows the hole kinetic
energy at room temperature. The arrows indicate the interband PL
transitions.oaded 08 Oct 2010 to 140.114.72.127. Redistribution subject to AIP lictail states, these peculiar temperature effects are most
pronounced.
In summary, vertically aligned InN nanorods grown
on Si111 substrates by PAMBE are studied in detail.
Near-infrared photoluminescence from InN nanorods has
been observed at room temperature. We find that the phe-
nomenon of electron accumulation at the InN surface is very
important for understanding the photoluminescence from
InN nanorods.
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